First infusion reactions along with severe anaphylactic responses can occur as a result of systemic administration of therapeutic antibodies. The underlying mechanisms by which monoclonal antibodies induce cytokine release syndrome (CRS) can involve direct agonistic effects via the drug target, or a combination of target-engagement along with innate receptor interactions. Despite the wide variety of pathways and cells that can play a role in CRS, many currently used assays are devoid of one or more components that must be present for these responses to occur. One assay that has not been assessed for its capacity to predict CRS is the modified Chandler loop model. Herein we evaluate a plethora of commercially available monoclonal antibodies to evaluate the modified Chandler loop model's potential in CRS prediction. We demonstrate that in a 4-hour loop assay, both the superagonistic antibodies, anti-CD3 (OKT3) and anti-CD28 (ANC28.1), display a clear cytokine response with a mixed adaptive/innate cytokine source. OKT3 induce TNFα and IFN-γ release in 20 out of 23 donors tested, whereas ANC28.1 induce TNF-α, IL-2 and IFN-γ release in all donors tested (n = 18-22). On the other hand, non-agonistic antibodies associated with no or low infusion reactions in the clinic, namely cetuximab and natalizumab, neither induce cytokine release nor cause false positive responses. A TGN1412-like antibody also display a clear cytokine release with an adaptive cytokine profile (IFN-γ and IL-2) and all donors (n = 9) induce a distinct IL-2 response. Additionally, the value of an intact complement system in the assay is highlighted by the possibility to dissect out the mechanism-of-action of alemtuzumab and rituximab. The loop assay can either complement lymph node-like assays or stand-alone to investigate drug/blood interactions during preclinical development, or for individual safety screening prior to first-in-man clinical trial.
Introduction
First infusion reactions can be severe and life-threatening reactions, which may develop following therapeutic monoclonal antibodies infusion. These reactions can, however, be managed with administration of steroids or by adjusting the dose and/or the infusion rate prior to drug administration [1, 2] . Reactions can develop over time and the target of the antibody is not the sole reason for cytokine release. The sugar composition of the antibody, the Fc domain along with other factors can cause unexpected responses [3, 4] . Cytokine release has historically been predicted by a variation of whole blood or peripheral blood mononuclear cell (PBMC) cultures with antibodies in an aqueous phase. However, these types of assays failed to predict the TGN1412 clinical trial responses, where six healthy volunteers were infused with the anti-CD28 antibody, which led to anaphylactic responses and multi-organ failure [5] . The predictive in vitro assay systems along with the choice of performing toxicity tests in cynomolgus macaques led to the conclusion that the drug was safe to administer. Later, it was found that the toxicity can be enhanced upon Fc receptor cross-linking [4] and that CD28 + CD4 memory T cells were the main responder cells. These cells are CD28 negative in macaques and thus did not respond to stimulation [6, 7] . The disastrous clinical trial spurred the development of novel human derived cytokine release assays on blood or blood components [8] [9] [10] . Commonly, these assays have been developed to study either anti-CD28 mediated toxicity or alemtuzumab-induced cytokine release. Alternative whole blood systems that have been used to study blood/ material and blood/islet interactions, specifically studies of the instantblood-mediated inflammatory reaction (IBMIR) [11] , but have until now not been used to study antibody induced cytokine release, are variants of the modified Chandler-loop model [12] [13] [14] [15] . Studies of a therapeutic virus and blood interactions along with studies using a Tolllike receptor 9 stimulating oligo have been performed in this system [16, 17] . Most standard cytokine release assays (CRAs) are devoid of one or several important blood components, such as the cascade systems (complement and coagulation), a lack of neutrophils and in some cases deficient of endogenous antibodies (mainly PBMC cultures). Herein we hypothesized that the modified Chandler loop model, which comprises these components, can provide an additional tool for CRA and mode-of-action (MOA) studies of biologics where complement-dependent cytotoxicity (CDC) can play a role.
Whereas a static whole blood plate assay use high heparin concentrations to inhibit coagulation, which additionally inhibit the complement system [18] , the modified Chandler-loop model applied herein makes use of heparin-conjugate attached to the inner surface of plastic tubings to prevent contact activation of the coagulation system. This prevents clotting and allows for fresh blood with intact complement system to be kept in circulation.
Material and methods

Materials
The characteristics and sources of the antibodies used herein are listed in Table 1 . The antibodies were incubated in whole blood at concentrations and time points indicated in the figures and figure legends. The positive control LPS (Escherichia coli 0111:B4) was purchased from Sigma-Aldrich (USA). Heparin (Heparin, LEO), cortisone (Betapred) and hyrdrocortisone (Solu-Cortef(R)) were purchased from Apoteket AB (Sweden). The C3 inhibitor compstatin (Ac-ICV(1MeW) QDWGAHRCT) [19] was a kind gift from JD Lambris (University of Pennsylvania, School of Medicine, USA) and the C1q binding peptide (CEGPFGPRHDLTFCW) [20] was a kind gift from JW Drijfhout (Leiden University, The Netherlands). EGTA and EDTA were purchased from Sigma-Aldrich (USA) and eculizumab was a kind gift from K Nilsson Ekdahl (Uppsala University, Sweden).
Blood loop
Blood from healthy donors was taken in an open system and immediately mixed with heparin (Leo Pharma AB, Sweden) to a final concentration of 1 IU/ml. All materials in direct contact with whole blood were surface heparinized in accordance with the manufacturer's protocol (Corline, Sweden). Whole blood (2 ml) was added to PVCtubings, which, with a surface heparinized metal connector, form a loop. The antibodies were added (diluted 1:100 in the blood), and the loops were set to rotate on a wheel at 37°C. Blood aliquots were sampled, and EDTA was added to a final concentration of 10 mM to stop reactions at a given time-point. The samples were kept on ice, and plasma was collected by centrifugation at 2000 × g at 4°C for 20 min. The plasma was stored at − 70°C until the time of analysis. For experiments involving corticosteroids and blocking agents, the blocking agents C1q peptide (100 μM), compstatin (10 μM), eculizumab (100 μg/ml) or anti-CD16 Fab′2 (25 μg/ml) were added approximately 10 min before the stimulatory agents (LPS or alemtuzumab). For blood loops aimed at intracellular flow cytometry, Brefeldin A was added to the blood loops to reach a final concentration of 10 μg/ml.
Plate assay
Blood from healthy donors was drawn and mixed into standard heparin vacutainer tubes (with a final heparin concentration in blood of 17 IU/ml) (368884, BD Vacutainer). The plate assay was started within 1 h of blood acquisition. 245 μl of blood and 5 μl antibody in PBS was added to round bottom plates (Corning Inc. 3879). The blocking agents; C1q-binding peptide (100 μM), compstatin (10 μM), eculizumab (100 μg/ml) or anti-CD16 Fab′2 (25 μg/ml) were added approximately 10 min before stimulatory agents (alemtuzumab, OKT3 or ANC28.1).
Blood cell counting
The automated hematology analyzer XP-300 (Sysmex) was used to assess white blood cell (WBC) killing by performing WBC count at different time points indicated in Figs. 4, 5 and in figure legends. The automated analyzer was also used to assess the stability of blood platelet count between pre-and post-experiment.
Flow cytometry
The following anti-human fluorochrome-labeled antibodies from Biolegend (USA) were used for surface and intracellular staining: anti-CD3 (clone: UVHT1), anti-CD4 (clone: OKT4), anti-CD8 (clone: SK1), anti-CD45RO (clone: UCHL1), anti-CD56 (clone: NCAM), anti-CD19 (clone: HIB19), anti-CD14 (clone: HCD14), anti-CD66b (clone: G10F5), anti-TNF-α (clone: Mab11), anti-IFN-γ (clone: 4S.B3) and anti-IL-2 (clone: MQ1-17H12 and 5344.111). Cell viability was analyzed using Aqua Zombie Fixable Viability Kit (Biolegend). A volume of 100 μl of 
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Statistics and scoring calculations
Statistical analyses were performed using GraphPad Prism version 7.02 software (GraphPad software). Statistical analyses were performed with paired t-test, one-way ANOVA with Dunnett's multiple comparison test or two-way ANOVA with Sidak's multiple comparisons test. ⁎ p < 0.05, ⁎⁎ p < 0.01, ⁎⁎⁎ p < 0.001 and ⁎⁎⁎⁎ p < 0.0005 (ns = not significant). The threshold for a positive individual cytokine response was set at above the 95th percentile of the calculated ratio PBS/baseline, where baseline values are samples taken at zero time-point and PBS values represent a control group where no cytokine release is expected. Values calculated from ratio antibody/baseline ratio above this threshold were scored as a positive cytokine release response for an individual cytokine (Table 2 ).
Results
Cytokine release in the loop model
To assess if a modified Chandler loop model can predict an immediate cytokine release the superagonistic anti-CD28 antibody ANC28.1 and the anti-CD3 antibody OKT3 were incubated in the loop assay (all antibodies are listed in Table 1 ). Cetuximab (anti-EGFR), with low incidence of induction of immediate cytokine secretion [21, 22] , was used as a negative control. Both ANC28.1 and OKT3 induced a rapid cytokine release of IFN-γ, IL-2, TNF-α and IL-6 after 4 h (Fig. 1a) . The IFN-γ, TNF-α and IL-6 profile of ANC28.1 is similar to OKT3, while IL-2 response is stronger for ANC28.1 than for OKT3 (Fig. 1a) . Cetuximab on the other hand did not induce a CRS profile, consistent with its low incidence first-infusion reactions in patients [21] . The cellular sources of TNF-α and IFN-γ in response to OKT3 and ANC28.1 were investigated by an intracellular flow cytometry staining of T cells, NK cells, B cells, monocytes and granulocytes. Memory (CD45RO +) CD4 + and CD8 + T cells were identified as the major source of TNF-α and IFN-γ released in response to ANC28.1 (Fig. 1b) . OKT3 induced cytokine release mainly from non-memory (CD45RO-) CD8 + cells (Fig. 1b) . Monocytes produced low amounts of TNF-α, whereas NK cells, B cells and granulocytes did not produce any TNF-α and IFN-γ (data not shown). Antibodies with low incidence of inducing CRS in patients and/or with low severity grade of infusion reactions, including tocilizumab, etanercept, and infliximab (Table 1) , did not induce a cytokine release in the loop (Fig. 1c) . To evaluate the potential of the modified Chandler loop system to predict a CRS in humans we set the 95th percentile of the calculated ratio of the control group where no cytokine release was expected and baseline as a threshold (described in Material and methods). An antibody/baseline ratio above this threshold was scored as a positive response for any given cytokine as illustrated in Table 2 . After only 4 h of incubation in the loop assay, OKT3 induced cytokine release above threshold with a mixed adaptive/innate cytokine source (TNF-α and IFN-γ release) in 21 out of 23 donors tested whereas ANC28.1 displayed a clear CRS (TNF-α, IL-2 and IFN-γ release) in all donors tested (n = 18-22). Non-agonistic antibodies associated with no or low infusion reactions in the clinic neither induced cytokine release nor caused false positive responses ( Fig. 1c and Table 2 ).
TGN1412-like antibody in the loop
A TGN1412-like antibody, but not the IgG4 isotype-matched control natalizumab, induced a rapid release of IFN-γ, IL-2, IL-6 and TNF-α at antibody concentrations between 1 and 10 μg/ml after only 4 h of incubation (Fig. 2a) . At a concentration of 1 and 1.5 μg/ml, the TGN1412- Table 2  Table 2 provides a scoring (positive or negative) of the predicted cytokine release for a certain cytokine and a given antibody. a The threshold for a positive antibody response was set at above the 95th percentile of the calculated ratio of PBS/baseline value. The ratio value of drug X divided by baseline was set to positive if above the threshold. The threshold was calculated based on data from 37 donors of which 8 of them were run more than one time on separated occasions at least one month apart (54 runs in total). Cetuximab; two donors were run two and four times on separate occasions. OKT3; one donor was run twice on separate occasions. ANC28.1; one donor was run four times on separate occasions. TGN1412-like antibody; one donor was run twice separated by more than one year. b The alemtuzumab-induced IL-2 was close to or below the limit of detection (measured by MSD Discovery® multiplex) and therefore data have higher uncertainty.
like antibody induced a clear cytokine release with an adaptive cytokine profile (IFN-γ and IL-2) and all donors (n = 9) scoring the positive IL-2 response and majority of donors (8/9) giving IFN-γ response above threshold. On the other hand, natalizumab at 1-1.5 μg/ml, had no IL-2 (1/9) or IFNγ (0/9) responses above the threshold (Table 2 ). Blood cells including; T cells, NK cells, B cells, monocytes and granulocytes were stained for intracellular IFN-γ, TNF-α and IL-2 and analyzed by flow cytometry to identify the cellular source of the cytokines. The memory (CD45RO +) CD4 + and CD8 + T cells were the sources of the IFN-γ and TNF-α in response to the TGN1412-like antibody (Fig. 2b) . IL-2 was produced by memory CD4 + T cells in response to TGN1412-like antibody but was not detectable in the memory CD8 + T cells (Fig. 2b) . Non-memory (CD45RO-) CD4 + and CD8 + T cells did not produce cytokines in response to the TGN1412-like antibody (Fig. 2b ) and no cytokine production was detected from B, NK cells, monocytes or granulocytes (data not shown).
LPS-induced cytokine release and complement activation in the loop
To evaluate if the circulating whole blood loop assay can predict the Fig. 1 . Cytokine release in response to monoclonal antibodies in a human whole blood loop assay. Freshly acquired whole blood was incubated with the antibodies cetuximab (CET), OKT3 or ANC28.1 in a circulating loop assay (as described in Material and methods). The final concentrations of the antibodies in blood are displayed in brackets in the figure [μg/ml]. After 4 h blood samples were collected and further activation was inhibited by mixing the blood with EDTA. Plasma was collected and analyzed for cytokines with MSD Discovery® multiplex (a). CET; n = 6 (IL-2) and n = 16 (IFN-γ, TNF-α and IL-6), of which two donors were run more than one time on separate occasions. OKT3; n = 13 (IL-2) and n = 19 (IFN-γ, TNF-α and IL-6), of which one donor was run twice on separate occasions. ANC28.1; n = 12 (IL-2) and n = 18 (IFN-γ, TNF-α and IL-6), of which one donor was run more than one time on separate occasions. PBS; n = 38 of which three donors were run more than one time on separate occasions. An assay interference with detecting drug bound TNF-α is plausible, since it has been reported for other methods [23] . For intracellular staining of cytokines Brefeldin A was added 1 h after the antibodies and after a total of 4 h blood was stained for surface markers and intracellular cytokines (as described in Material and methods). The blood cells were analyzed by flow cytometry and the data shown is for one representative donor out of three (b). Other antibodies listed in Table 1 were analyzed as described above (c, n = 3-7; PBS n = 9). The data were analyzed with a paired t-test on log-transformed values. effects of immune modulating agents, their ability to inhibit LPS-induced immune activation was assessed in the loop assay. LPS alone induced a rapid cytokine release in the loop assay after 4 h (Fig. 3a) .
The immune modulating agents, etanercept (TNFα inhibitor), cortisone (betamethasone) and hydrocortisone were pre-incubated before addition of LPS to the loop to assess their ability to attenuate LPS-mediated cytokine release. All three agents blocked LPS-induced TNF-α and IL-8 release (Fig. 3b) . Additionally, cortisone and hydrocortisone inhibited 
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International Immunopharmacology 54 (2018) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] IL-6 release in the loop model (Fig. 3b) . Cetuximab was used as an unspecific control, and it did not inhibit the LPS-induced cytokine release. LPS is known to activate the complement system [24] which was detected in the loop model by analyzing C3a and C5a release ( Fig. 3c  and d) . Furthermore, LPS-induced complement activation was inhibited with a C3-specific peptide (compstatin) and a C5-specific antibody (eculizumab) (Fig. 3d) .
Circulating blood versus a static blood plate assay
In a Chandler-loop model, the circulation of blood is a key to prevent coagulation, whereas undiluted blood in static plate assays requires a high dose of heparin to prevent coagulation. Blood assays used prior to the disastrous TGN1412 trial were commonly performed with diluted blood and have in our hands displayed a poor prediction of cytokine release (data not shown). To determine if undiluted blood in a static plate assay version, or as a loop assay, differs with respect to Fig. 3 . LPS-induced cytokine release and complement activation in a human whole blood loop assay. Freshly acquired whole blood was incubated with LPS (1 μg/ml) in a circulating blood loop assay (as described in Material and methods). After 15 min and 4 h blood samples were collected and cascade systems were inhibited by mixing the blood with EDTA. Plasma was harvested and analyzed for cytokines with MSD Discovery® multiplex (a, n = 5-7). Blood was pre-incubated for 15 min with cortisone (4 μg/ml) or hydrocortisone (50 μg/ml), etanercept (100 μg/ml) or cetuximab (150 μg/ml) before addition of LPS (1 ng/ml) and the plasma was analyzed for cytokine release after 4 h as described above (b, n = 1-6). Plasma samples acquired after 15 min were analyzed for C3a by ELISA (c, n = 21). C1q block (C1q binding peptide), C3 block (compstatin) and C5 block (eculizumab) were incubated for 10 min before addition of LPS and the plasma (15 min samples) were analyzed for C3a and C5a by ELISA (d, n = 2-3). The data were analyzed with a paired t-test on log-transformed values (a and c) ⁎ p < 0.05, 
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cytokine release, an experiment was performed where blood was sampled from the same donors for both assays, and the experiments were run in parallel. All agonistic antibodies tested (alemtuzumab, OKT3 and ANC28.1) induced similar levels of cytokines in both assays (Fig. 4a) . However, there was a marked TNF-α, IL-6 and IL-8 release in the PBS group using the plate assay (marked with a dotted line in Fig. 4a ). With this high background of cytokine release, the plate assay displayed a poor sensitivity for scoring cytokine release compared to the loop assay, and only alemtuzumab could score a positive response in the plate assay, while OKT3 and ANC28.1 had responses comparable to the negative control (PBS) for most of the cytokines. The plate assay requires high heparin concentration to prevent coagulation and this is known to inhibit the complement system [18] . In the circulating loop model with a low free heparin content, complement activation induced by LPS (Fig. 3c and d) or antibodies (Figs. 4b and 5d) can be assessed. Alemtuzumab [25] induce complement activation when applied in the loop, but not in the counterpart plate assay (Fig. 4b) . ANC28.1 (mouse IgG1) was used as a negative Fig. 4 . Cytokine release and complement activation in human whole blood on a static plate versus a blood in circulation. Whole blood was acquired either through a heparin vacutainer tube (plate assay) or open system (loop assay) (as described in Material and methods) and incubated with PBS, Alemtuzumab (ALM), OKT3 or ANC28.1 on a static plate (a, on the left) or in a circulating blood loop assay (a, on the right). The final concentration of the antibodies in blood is displayed in brackets in the figure [μg/ml]. After 15 min and 4 h blood samples were collected and cascade systems were inhibited by mixing the blood with EDTA. Plasma samples acquired after 4 h were analyzed for cytokines with MSD Discovery® multiplex (a, n = 4). Plasma samples acquired after 15 min were analyzed for C3a by ELISA (b, n = 4) and fold increase in C3a levels of Alemtuzumab in comparison to ANC28.1 is presented. WBC count after 4 h was calculated using Sysmex XP-300 and plotted as % of zero time point (c, n = 3). B cell counts were counted by flow cytometry (CD19 +) (d, n = 3). The dotted line is drawn from the mean of the PBS group in each graph. The data were analyzed with a paired t-test on log-transformed values (a) or two-way ANOVA with Sidak's multiple comparison test (b and c) ⁎ p < 0.05, ⁎⁎ p < 0.01, ⁎⁎⁎ p < 0.001 and ⁎⁎⁎⁎ p < 0.0005 (ns = not significant).
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International Immunopharmacology 54 (2018) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] comparator when looking at complement activation as it has low affinity to human C1q [26, 27] and does not induce detectable complement activation in our system (data not shown). Furthermore, both alemtuzumab and rituximab, which deplete CD52 + cells and B cells respectively, displayed more prominent depletion of their target cells in the loop assay compared to the plate assay ( Fig. 4c and d) . A 4-hour loop assay did not affect cell viability for individual white blood cell populations (T cells, B cells, NK cells, monocytes and granulocytes as shown in Supplementary Fig. 1 ) if not a cell depleting antibody or LPS stimuli was added to the system. Alemtuzumab displayed a variation in cell killing capacity between donors, as visualized with the increased standard deviation. Blood pH at zero time point was 7.4 and it remained stable to up to 6 h in the loop assay. Blood values for bicarbonate (HCO3), partial pressure of carbon dioxide (PCO2) and base excess (BE) were similar between zero and a 6 h time-point.
Alemtuzumab-induced cytokine release and mechanism-of-action in the loop
Alemtuzumab is associated with immediate cytokine release in patients [1] and consistently induced IFN-γ, IL-1β, TNF-α, IL-6 and IL-8 release in the loop assay (Fig. 5a) . Two different MOAs of alemtuzumab have been suggested, more specifically antibody-dependent cellular cytotoxicity (ADCC) [28, 29] and CDC [25] . In the loop assay alemtuzumab activated the complement system by inducing C3a in a concentration-dependent manner (Fig. 5b) in line with published data (25) . Furthermore, the alemtuzumab-induced C3a levels correlated with the reduction of WBC count (Fig. 5c) . Depletion of the T and B cell populations was also observed by flow cytometry analysis (Fig. 5f/g and Supplementary Fig. 1 ). Rituximab, an IgG1 antibody, did not induce detectable complement activation, a finding also consistent with in vitro published data (25) and no drop in WBC was observed (Fig. 5b  and c) . A toll-like receptor stimulus such as LPS, activated complement without profoundly affecting the WBC count ( Fig. 5b and c) , however increased killing of monocytes was visible through flow cytometry analysis ( Supplementary Fig. 1 ). To further evaluate the MOA of alemtuzumab, both ADCC and CDC were modulated by specifically blocking CD16 (ADCC) or the complement components C1q, C3 and C5 (CDC). By blocking C3 and C5, but not CD16 and C1q, alemtuzumabinduced increased C3a levels and the drop in WBC count was abolished, suggesting killing via CDC (Fig. 5e and f) . As CD52 is expressed on several cell-types in blood, the mechanism of killing was also investigated by flow cytometry where CD3 + cells were to some degree rescued via complement inhibitors suggesting a CDC mediated alumtezumab induced T cell depletion (Fig. 5f ). On the contrary, CD19 + cells displayed a trend towards a depletion mechanism via ADCC, as B cell were rescued by blocking CD16 although this did not reach statistical significance (Fig. 5g) . NK cells were not affected by alemtuzumab in the loop assay (Fig. 5h ) which can be explained by their low expression of CD52 [30] . Although alemtuzumab at 3 μg/ml did not clearly affect the numbers of monocytes (CD14 +) and granulocytes (CD66b +), monocytes showed decreased viability when analyzed with viability dye (Aqua Zombie) by flow cytometry (Supplementary Fig. 1 ).
Discussion
There is a need for human-based in vitro assay to perform a riskbased evaluation of infusion reactions of monoclonal antibodies, which should imaginably be composed of all in vivo components such as the target cells, FcγRs, circulating antibodies, intact complement, neutrophils, and may also include endothelial cells, all which can contribute to adverse events. As a blood/endothelial cell system is difficult to achieve in an autologous setting, immune cell readouts becomes a challenge and thus assays devoid of endothelial cells are commonly used [31] . Current available assays such as PBMC, high density cultures [4, 32] and whole blood plate assays all lack at least one of the above mentioned components. We therefore evaluated a modified Chandler loop model for its potential to predict first infusion reactions as well as MOA of immunotherapeutics. Traditionally extracorporeal blood systems have been used to study blood/material interactions along with studies of the IBMIR reaction (11) , studies where coagulation and complement cascades can have a great role in the outcome. It is however clear that these system can be of importance when interpreting blood/drug interactions (Unpublished data from our group and reference [16, 17, 33, 34] ). Here, the system takes the advantage of the circulatory movement of the blood and incorporates a heparin conjugate attached to the plastic/metallic surfaces that comes in contact with the blood preventing stagnation as well as contact induced clotting while retaining the integrity of the complement and coagulation cascades.
In the loop assay, the superagonistic antibodies OKT3 and ANC28.1 induced proinflammatory cytokine release and a TGN1412-like Ab induced IL-2 release by memory CD4 + T cells after 4 h, in line with what has been seen in patients, and the cause of the adverse events of healthy individuals in the clinical trial with TGN1412 [6] . The TGN1412-induced IL-2 release has been found to be potentiated by FcγRIIb [4] , which can to some extent be mimicked by coating the antibody to the surface [35] . Although, the mechanism of crosslinking TGN1412 in the loop system is unknown, IL-2 was released in the loop system more rapidly than in what was described in vitro plate assays with both diluted [35] and minimally diluted whole blood [36] . IL-2 release was clearly induced in all donors tested (measured by mesoscale analysis from plasma), albeit only a small fraction of memory CD4 + T cells appeared to be the producers of these cytokines as visualized by the intracellular staining. A plausible explanation could be that these few cells are potent in their IL-2 production.
Until now, PBMC-based assays have been more sensitive in cytokine release prediction in response to anti-CD28 stimuli, whereas the whole blood assays have shown great sensitivity, when it comes to alemtuzumab-induced cytokine release [35] [36] [37] . When comparing a static whole blood plate assay with the blood loop assay the later was more sensitive to score a positive response in each donor, as the background cytokine induction was greatly reduced. In the loop assay, the cytokine release is prominent and in addition, complement activation in response to a certain drug can be evaluated.
As both CDC and ADCC are active in the loop assay, we assessed the MOA of IgG1 antibodies such as alemtuzumab and rituximab. The MOA of alemtuzumab in the loop assay was through CDC, consistent with published data (25) . Surprisingly, our data indicate that alumtezumabinduced cell death required C3 and C5, but not C1q, suggesting a killing mechanism via the alternative or the lectin pathway rather than the classical pathway. N-glycans on mouse IgG1 antibodies have been shown to initiate alternative pathway activation in mice [38] . Another possible explanation is complement activation via the lectin pathway [39] , something that requires further evaluation. By specifically looking at T cells, B cells and NK cells in flow cytometry, there appears to be separate mechanisms by which alemtuzumab induce killing of the target cells, at least for individual donors. T cells were depleted by CDC whereas B-cells appeared to be depleted via ADCC, as T or B cells were, at least partly, rescued from alemtuzumab-induced cell death by complement blockade or CD16 blockade respectively. The potential difference in killing mechanism of T cells and B cells may be explained by different expression levels of CD52 on B and T cells [30, 40] , as the efficiency of CDC is proportional to the level of target expression. ADCC however, is less dependent on the target expression and has been reported to be complemented by CDC [41] . Thus, the lower expression of CD52 on B cells makes them less susceptible to CDC and thereby ADCC might be the main cell killing mechanism. Rituximab also efficiently kills B cells in the loop assay although this was only visible through flow cytometry and not in the WBC count. This is due to that B cells constitutes a minor fraction in blood out of the complete leucocyte count, therefore a drop in B cell count might not be apparent when counting the complete WBC count. Similarly, the absence of detectable complement activation with rituximab in the loop system, despite its apparent role for inducing B cell depletion, is also most likely due to the B cell population constituting a minor part of the WBC of a healthy individual. This is in line with the reported observation that rituximab-mediated infusion reactions are commonly prevalent in B cell lymphoma patients where the increasing numbers of tumor cells, and thereby also the target expression and possibly target density, correlate to increased cytokine release and adverse effects [42] . The reason for the full rescue of WBC counts with alemtuzumab plus complement inhibitors when analyzed by the hematology analyzer, and the lack of complete rescue of individual cells when using flow cytometry as read-out is something we found challenging to completely understand. One explanation is that the hematology analyzer counts WBCs based on cell size and therefore overestimate the number of cells that are rescued by the C3/C5 block, an alternative explanation is that CD3 expression is downregulated in response to alemtuzumab which may affect the flow cytometry data to some degree. CD52 is expressed on monocytes and alemtuzumab affects also viability of monocytes, however a drop in monocyte cell number is not as distinct as for T and B cells, which can be explained by their higher expression of complement inhibitors compared to lymphocytes [30] . In the clinic, immune modulating agents like cortisone and hydrocortisone are used to reduce infusion reactions of immunotherapeutics [2] . Both corticosteroids and etanercept inhibited LPS-induced cytokine release in the loop assay, validating the assays potential use in predicting immune modulating effects of immunotherapeutics. Similar to any other artificial system, the whole blood loop system is not devoid of limitations, such as absence of the endothelial cells or limited oxygen exchange and nutrients supply to the blood in the loops. The minimal gas-exchange, which can limit prolonged incubation times suggest that the assay is best suited to score immediate infusion reactions. It is of importance to note that longer incubation times may be required to monitor adverse events that develop over a longer time period. Notably, despite minimal gas exchange, we could not find that a 4-hour assay harmed individual immune cell populations. Nevertheless, the loop model proved to be successful in predicting CRS at the 4 h time point, in concordance with the clinical observation where treatment with monoclonal antibodies may cause cytokine release in the first hours after infusion. We suggest that a modified Chandler loop model can be used to assess immune modulating effects that take place in circulation and that lymphoid tissue-like culture can complement this to provide a complete picture of the effects an antibody has in circulation versus a tissue-based effect [33] .
In conclusion, we have shown that a circulating whole blood loop assay is a powerful human-based extra-corporal assay to predict CRS. It was superior to a standard plate assay in presenting distinctively lowered background of cytokine release, which translates to increased sensitivity of the assay. Presence of intact complement and coagulation system adds an extra dimension to the loop model, not available in other currently used in vitro methods. The advantage of having all blood components and intact cascade systems in one assay makes the loop model a unique and important tool for evaluating the risk of infusion reactions and studying MOA of immunotherapeutics.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.intimp.2017.10.021.
